ABSTRACT: Euphausia superba (hereafter 'krill') and copepods are major zooplankton taxa in the Southern Ocean, but there is little information on how they interact. This paper investigates their coincidence across a wide range of temporal and spatial scales to examine whether copepod distribution is related to that of krill. During 2 summers of high krill abundance near South Georgia (1996 and 1997) copepod abundance was <40% of that during an abnormally low krill year (1994). No such depletion was found north of the Polar Front, where krill were rare. Analysis of 2 mesoscale data sets showed that krill, rather than food or environmental factors, were most strongly implicated in copepod distribution. An area of persistently high krill abundance just north of South Georgia was characterised by exceptionally few copepods. Fine-scale relationships between patches of krill and copepods were studied with a Longhurst Hardy Plankton Recorder. Within krill swarms copepod abundance was low, but more dispersed krill associated with high concentrations of copepods Copepods also appeared to Live deeper and to make more extensive vertical migrations when krill were present. The inverse relationship between krill and copepod abundances thus occurred repeatedly and across a wide range of scales. The facts that krill swarms are mobile and were unrelated to hydrography further suggest that the inverse relationship was caused by krill. This could arise from competitive exclusion, direct predation or both. Evidence for competition is that South Georgia copepods rely on high phytoplankton biomass for recruitment and krill can remove this. Predation is suggested by the fact that crustaceans were found in krill guts in this region during both summer and wlnter. During the 1996 summer, experirnentally derived predation rates on copepods, combined with krill bion~ass values, suggested a significant impact on small copepods. Therefore we suggest that copepod numbers can be controlled by a combination of competition and predation by krill.
INTRODUCTION
have argued that zooplankton have been analysed mainly from the perspective of bottom-up controls such as water temperature and food availability, and that top-down controls such as predation are neglected. This approach persists despite den~onstrations that important types of behaviour such as die1 vertical migration are often modified by predators (e.g. Dawidowicz et al. 1990 , Bollens & Stearns 1992 , Frost & Bollens 1992 . In the Southern Ocean, zooplankton distributions have been viewed almost exclusively in terms of hydrography and phytoplankton (e.g. Mackintosh 1934 , Marin 1987 , Piatkowski 1989 , Siege1 & Piatkowski 1990 , Bathmann et al. 1993 , Hosie & Cochran 1994 . This has been due to by lack of information on the competitive and predatory interactions between key groups (e.g. Kawamura 1986 , Vuorinen et al. 1997 .
In the Southern Ocean food web, the 3 major taxa are euphausiids (particularly Euphausia superba), copepods and salps, their relative importance varying regionally. An interaction between E. superba (hereafter 'krill') and salps has been suggested (Huntley et al. 1989 , Loeb et al. 1997 but how (or whether) copepods interact with either group is largely unknown. The trophic relationship between krill and copepods is controversial. During blooms, phytoplankton may be the main food of both knll (Quetin & Ross 1991 , Hopkins et al. 1993a , Pond et al. 1993 ) and many epipelagic copepods (Schnack 1985 , Hopkins et al. 1993a , Atkinson 1995 , so therefore they presumably compete for food. During the long periods with less phytoplankton, there is growing evidence that krill can feed omnivorously (Hopkins & Torres 1989 , Froneman et al. 1996 , Pakhomov et al. 1997a , Penssinotto et al. 1997 ) and can eat copepods (Price et al. 1988 , Nordhausen & Huntley 1992 , Atkinson & Snyder 1997 . However, opinion is divided on whether copepods are a significant food source for knll (compare Quetin & Ross 1991 with Huntley et al. 1994 , Atkinson & Snyder 1997 , Perissinotto et al. 1997 .
Whether knll compete with copepods, prey on them, or both, they are likely to be detrimental to copepod livelihood. However, these 2 groups are often examined both separately and in terms of bottom-up controls, so there is little evidence of whether krill influence copepod abundance. When analysing such distribution data it is also difficult to determine causation from correlation (Rose & Leggett 1990) . For example, many of the most abundant copepods (e.g. Oithona sirnilis) are commonest in northern Antarctic latitudes (Atkinson 1998) , whereas krill are more abundant further south. Thus, a negative correlation between them at a large scale could simply reflect biogeographic affinities rather than a direct interaction. However, krill are mobile and patchily distributed, and in this study we found that, at fine and mesoscales, their distribution was unrelated to water masses. This allowed us to disentangle the possible effects of krill and environment on copepod abundance. Our approach is thus to develop the analysis of copepod distributions beyond the search for bottom-up controls.
South Georgia is a good study site for such an approach. It supports a very high biomass of both copepods and krill (Everson & Goss 1991 , Ward et al. 1995 , Atkinson et al. 1996 , Pakhomov et al. 1997b ), but once or twice a decade krill are much reduced, causing breeding failure of their predators (Boyd et al. 1995 , Croxall & Rothery 1995 . The large local, regional and interannual variations are therefore a natural experiment in krill-copepod interactions. South Georgia has also been well studied, so there is a good background knowledge of the bottomup controls on which to base this analysis. We have compiled a variety of surveys from different years to study krill-copepod interactions across as wide a range of scales as possible. These surveys encompass finescale vertical and horizontal, through mesoscale to large-scale regional and interannual variations.
METHODS
Data sets. We compiled all our South Georgia data sets in which knll and copepods were quantified concurrently. These encompass a wide range of scales and are summarised in Table 1 . The data sets are numbered to ease cross referencing between 'Methods' and 'Results'. Most of the data are unpublished, but Ward et al. (1996) (2) Mesoscale variability, 1996 Bongo nets 1996 , divided on a regional basis (3) Mesoscale survey, 1981 RMT 1+8 Grid of 57 stations centered on South Georgia (Atlunson & Peck 1990 ) (4) Fine-scale horizontal &stribution, 1996 LHPR 5 horizontal tows with sampling interval of -40 to 50 m (5) Fine-scale vertical distribution, 1994 Comparison of die1 migration at shelf and oceanic monitoring sites (7 profiles in 1994 [Atkinson et al. 19961 and 4 in 1996) (6) Fine-scale vertical distribution, 1990 die1 series 17 profiles at shelf monitoring site; 2 made in a krill aggregation (Atlunson et al 1992) LHPR Table 2 . Sampling details of surveys used to study interannual, 1994-1996-1997, and mesoscale, 1996 and 1997, variability several data sets have been re-analysed. The older data were collected with the main intention of relating zooplankton distribution to the physical environment and available food. Where these interpretations have already been published they are listed in Table 1 .
(1 and 2) Interannual. 1994-1 996-1997, and mesoscale, 1996 and 1997 variability. Similar net sampling sites were occupied during the summers of 1994, 1996 and 1997 ( Table 2, see Fig l ) , which facilitates their comparison. Comparable stations were, firstly, those on a transect running northwestwards from the northern South Georgia shelf to the Subantarctic Front. This transect was worked twice in 1994, in January and February, once in January 1996 and once in December 1996-January 1997. Secondly, a pair of sites was occupied for more detailed studies. These are referred to hereafter as the 'shelf site' and the 'oceanic site' (Table 2) , and lie at the southern end of the transect.
The 1996 and 1996-1997 surveys included additional monitoring grids in shelf and oceanic water to the north and northeast of the island (Table 2 , Fig. 1 ). Nets used in 1994 were a 75 cm diameter ring net at the transect stations and a Longhurst Hardy Plankton Recorder (LHPR; see Longhurst & Williams 1976) which was towed on 'double oblique' trajectories during a diel cycle for a picture of vertical migration a t the shelf site. In 1996 the LHPR was used for a similar purpose a t the shelf and oceanic sites; at all other sites in 1996 and 1997 the vertical ring net was substituted with a 61 cm diameter bongo net pair. Nets with 200 pm mesh were used for all hauls except at the most southerly 5 stations on the January 1994 transect, where clogging from a diatom bloom necessitated the use of a 500 pm mesh. All net hauls integrated the top 200 m layer, with the exception of the LHPR over the shelf during 1996 (Table 2) , where a 150 m bottom depth was used to avoid risking contact of the sampler with the seabed. The samples were all preserved in 4 % formaldehyde-filtered seawater.
Acoustic krill biomass estimates were made along the transects using a dual frequency EK 500 echosounder and echointegrator operating at 38 and 120 kHz. Only targets which had krill's characteristic mean volume backscattering range (Madureira et al. 1993a, b) were included in the krill biomass estimate. The data re-analysed here are from oblique down- Acoustic data were also collected along the transects between stations using an echosounder operating at 120 kHz. Further details of acoustic krill biomass estimates are provided by Murphy et al. (1991) .
(4) Fine-scale horizontal distribution, 1996. To investigate the CO-occurrence of aggregations of knll and copepods, 5 LHPR tows, each 2 to 3 km long, were made at the shelf and oceanic sites in January-February 1996 (Table 3 ). These were made at 30 m depth within the upper mixed layer. The LHPR (mesh size 200 pm) was interfaced with a PROPLUS@ control system (Spartel Ltd, Plymouth, UK) and a dotvnwire net monitor, which enabled real time control of the net trajectory to maintain constant sampling depth. The sampling interval (i.e. the elapsed time between consecutive advancements of the cod-end spool) was 30 S. Towing speed was maintained at 1.5 m S-', so each sample represented a hoi-izontal distance of 40 to 50 m and a filtered volume of -5 m3 A flowmeter inside the 38 cm diameter mouth of the LHPR enabled calculation of the distance covered and volume filtered for each sample. A software problenl during Hauls 1 and 3 meant that there were no flowmeter data, but the similarities in towing speeds to those of the other hauls allowed mean flow values for Hauls 2, 4 and 5 to be applied.
(5) Fine-scale vertiral distribution, 1 994 -1 996 comparison. At the shelf and oceanic monitoring sites during 1994 and 1996, LHPR profiles were obtained by oblique downwards and upwards profiles to 200 m (or, over the shelf, to as near this depth as water depth would allow). During 1994, 7 double oblique hauls were made with a 200 pm mesh LHPR over a diel cycle (Table 2) . A detailed account of the environment and the vertical distribution of zooplankton 1s given in Atkinson et al. (1996) . LHPR sampling in 1996 was limited to a downward and upward oblique profile at approximately midday and midnight at both the shelf and oceanic sites (Table 2) .
(6) Fine-scale vertical distribution, 1990 diel series. The aim of this analysis was to investigate whether the localised presence of knll swarms had a noticeable effect on the diel vertical migration cycle of copepods. Die1 LHPR profiles have been taken near South Georgia during several seasons (see above), but the 1994 season could not be used because krill were rare that season and not encountered during the diel series. The 1996 dlel series could not be used because low numbers of krill were caught throughout both the midday and midnight profiles. During the 1990 diel series, either low numbers of or no krill were caught on all but 2 of the profiles. A detailed account of the diel vertical migration and feeding of copepods in relation to food and physical environment is reported in Atkinson et al. (1992) . However, during the ascent profile on which many krill were caught, the vertical distribution pattern of the large copepods was clearly anomalous (up to 100 m deeper than in all the other profiles). This profile was considered an outlier and excluded from the original analysis of diel vertical rnigratlon in relation to the environment (Atkinson et al. 1992) . It is included here to study the relation this distribution pattern has with krill distribution.
Sample analysis. With the exception of the 1981 RMT 8 catches, which were analysed on board, all samples were preserved in formaldehyde and analysed under a binocular microscope in the UK. A Folsom plankton splitter was used where necessary to obtain countable aliquots. Although all zooplankton taxa were enumerated, this study is concerned mainly with copepods and krill, which heavily dominate both abundance and blomass in this area (Ward et al. 1995 , Atkinson et al. 1996 . For most hauls, identification was to genus or to specles, with further enumeration of the copepodite stages of the 4 large biomass dominant copepods, Calanoides acutus, Calanus simillimus, Calanus propinquus and Rhincalanus gigas. A large number (452) of LHPR samples were analysed from 1996, so the copepods were enumerated in 4 simple groups, namely 'Oithona spp.' (all copepodite stages), 'small calanoid copepods', 'large calanoid copepods' and lastly 'R. gigas stages CV plus CVI'. The 'small calanoid' group compnsed all copepodite stages of the families Pseudocalaniidae, Clausocalan~idae and Metndiidae. The 'large calanoid' group comprised all copepodids of species with adults of prosome length > 3 mm (i.e. mainly C. acutus, C. simillimus, C. propinquus, Euchaeta antarctica) plus CI-CIV of R. gigas.
This size-based classificat~on was chosen because
Atkinson & Snyder (1997) used a similar classification to assess the feeding rates of krill on copepods.
Abundance values from the ring net hauls were based on the mouth areas of the nets and the vertical distance of tow, and assumed a 100% filtering efficiency. This approximation was justified by tests with a flowmeter on subsequent field seasons. The same assumptions were applied for the LHPR, except that distance travelled was calculated from the flowmeter data. Volumes filtered by the RMT nets were calculated from flowmeter data using the equations of Roe et al. (1980) and Pommeranz et al. (1983) .
RESULTS
(1) Interannual variability, 1994 Interannual variability, -1996 Interannual variability, -1997 
Environment
The physical environment during the 1994 and 1996 surveys is described by Trathan et al. (1997) and Trathan et al. (British Antarctic Survey unpubl. data ). There were no major differences in the physical environment anlong the 3 years (M. Brandon, British Antarctic Survey, unpubl. data), but during the 1996-1997 survey there was a large warm water eddy at the northern end of the transect. Also, water temperatures in January 1994 tended to be slightly higher than in January 1996. The Polar Front was situated in approximately the same position on all 3 surveys (Fig. 1) . Bottom topography in this region seems to constrain the position of the Polar Front, and shifts of more than -100 km from its mean position are rare here (Trathan et al. 1997) In contrast, the seasons differed greatly in chlorophyll a (chl a) concentrations. During January 1994
there was an extensive bloom of large diatoms (>6 mg chl a m-3) south of the Polar Front, and chl a concentrations >4 mg m-3 extended onto the South Georgia shelf (Ward et al. 1996, Whitehouse et al. 199613) . When the transect was repeated in early February, mainly post bloom conditions were encountered. In January 1996 there was no bloom except over parts of the South Georgia shelf, and chl a concentrations averaged -1 mg m-3 (Priddle et al. 1997) . However, in late February near the end of our 1996 field season (after the sampling described in this paper), repeat visits to the South Georgia shelf and oceanic monitoring sites revealed a dense bloom with chl a concentrations similar to those in January 1994. During the December 1996-January 1997 survey, chl a concentrations only reached bloom levels in the oceanic area to the west of the island (M. J . Whitehouse, British Antarctic Survey, unpubl. data).
Krill
During surveys over a comparable area (i.e. the northern South Georgia shelf and neighbouring ocean) krill biomass in 1994 was roughly one tenth of the values in 1996 and 1997 Fig. 2) . In 1996 and 1997 krill were caught in bongo nets as far north as the Polar Front, but in both of these high krill years the main concentrations were detected acoustically over the South Georgia shelf and in the oceanic regions adjacent to South Georgia (A. S. Brierley, British Antarctic Survey, pers. comm.). During all 3 summers krill were mainly in the top 100 m layer. Fig. 2 compares biomass of krill and copepods in the 3 field seasons, having converted from numerical abundances of copepods (using our own unpublished data) and from acoustically derived krill wet masses using equations in Morris et al. (1988) .
Copepods
The clearest difference among the 3 years was the rarity of copepods south of the Polar Front during the 2 summers of high krill abundance, 1996 and 1997 ( Fig. 1, Table 4 ). There, total copepod abundance in the high krill years was only 38% of that in the 1994 summer (Table 4) . To ease presentation, copepods were grouped into 4 size groups (see 'Methods: Sample analysis'). Most severely depleted was the 'large calanoid' group, with the sn~allest and largest copepods (respectively 'Oithona spp.' and 'Rhincalanus gigas CV plus CVI') less affected. All 4 members of the 'large calanoid' group were depleted: both characteristic Antarctic species (Calanoides acutus, Calanus propinquus) and warmer water species (Calanus simillimus and Rhincalanus gigas). Mann-Whitney U-tests on 1994 and 1997 median abundances south of the Polar Front (Table 4 ) demonstrated significant decreases (p < 0.05) for all the groups except 'R. gigas CV plus CVI'. These significant interannual differences were not recorded to the north of the Polar Front. Fig 2 illustrates the year-to-year shifts in dominance between krill and copepods south of the Polar Front in terms of biomass.
(2) Mesoscale variability, 1996 and 1997 surveys The aim of this analysis was to determine whether, during seasons of high krill abundance, mesoscale variations in copepod numbers were related to those in krill numbers. The 1994 survey was not used here because of its more restricted regional coverage and because krill were rare throughout the survey area. Rhincalanus gigas (CV, CVI) Fig. 1 . Abundance of the 4 copepod groups dunng Jan-Feb 1994 (low krill biomass), Jan 1996 (high krill biomass) and Dec 1996-J a n 1997 (high krill biomass). See 'Methods: Sample analysis' for composition of copepod groups. Shaded bars: hauls in Feb 1994. The position of the Polar Front (PF) dunng each transect is indicated. Error bars: range in abundance between repeated hauls at a site Numbers of copepods from each haul were compared with 2 acoustic indices of knll biomass (Table 5 ) . The first, 'biomass l ' , was the mean value along the transect line spanning 5 km either side of the station. The second, 'biomass 2', integrated over a much wider area. Thus, the entire acoustic track south of the Polar Front was divided into 6 regions, namely eastern shelf, eastern oceanic, western shelf, western oceanic, southern half of the Polar Front transect and northern half of the Polar Front transect. Each of these acoustic regions thus encompassed either 3 or 4 net stations. The full set of selected predictor variables is listed in Table 5 . During both the 1996 and 1997 cruises, regional estimates of krill biomass were not related significantly to physical factors or to chl a concentrations. Also, the 2 years showed the same directional relationships between copepods, krill and environmental factors. Mann-Whitney U-tests on the 2 years failed to reveal statistically significant differences for any of the predictor variables other than salinity, so the 2 data sets Table 5 . Mesoscale data for 1996 and 1997 combined to compare log copepod abundance with log krill biomass, environmental variables and chl a with a simple least squares regression. Knll biomass was obtained in 2 ways: 'biomass 1' was the mean acoustic biomass along the transect line 5 km either side of the station, and 'biomass 2' was the mean biomass over a wider area (see 'h4ethods'). Adjusted r2 values are given for only the significant results. were combined to ease presentation (Table 5 ). The smaller copepods were clearly related (negatively) more strongly to krill than to temperature, salinity or food, although Rhincalanus gigas (CV plus CVI) was strongly related (positively) to temperature. Fig. 3 summarises the relationship between total copepod abundance (i.e. all 4 size groups pooled) and krill biomass.
(3) Mesoscale survey, 1981 Fig. 4 shows the distributions of zooplankton in relation to their physical/biological environment during the semi-synoptic grid survey. Both this net sampling and the acoustic transects which were run between stations (Murphy et al. 1991) show that the main concentrations of krill were to the north and east of South Georgia. These regions of high krill abundance coincided with low copepod numbers (Fig. 4) . The most abundant macroplankton (i.e. Themisto gaudichaudii, Thysanoessa spp., Euphausia frigida, Euphausia triacantha, Salpa spp. and Vibilia antarctica) also tended to be rarer at a few stations just north of the island, but this was much less clear than for the copepods. Note that krill abundances are based on RMT 8 hauls; avoidance of this sampler has been shown previously (Everson & Bone 1986), so the actual densities probably were much greater.
To examine these distributions, did a principal components analysis on loglo transformed abundances of the major species. When the neritic species Drepanopus forcipatus and Antarctomysis maxima were excluded, the stations separated on the first principal component (i.e. that describing most of the variability in the data set) roughly according to the total quantity of zooplankton. Five stations immediately north of the island had notably few copepods, and were outliers on the first principal component axis ). The second principal component axis was linked to localised, eddy type intrusions of water of Subantarctic origin, which had a characteristic warmer water fauna. However, no environmental factors explained the areas of low copepod abundance. They were unrelated to water mass distribution, phytoplankton biomass or species composition (Fig. 4 . Theriot & Fryxell 1985 , Priddle et al. 1986 ) or the characteristic neritic or oceanic zooplankton assemblages ). However, the principal components analysis implicated krill with the areas of low copepod abundance across the entire survey grid. This is supported by regressions of the copepod size groups in relation to krill and environmental factors (Table 6 ). Copepod abundance was linked more closely to that of krill than to chl a or environmental factors. This result held whether krill abundance was obtained from the RMT 8 net mounted just below the RMT 1 or krill biomass was derived from the transect line 50 km either side of each station.
The most striking low copepod area is the one just north of the island (Fig. 4) . If this is interpreted in relation to krill distribution, based on both this 1981 survey and the large quantity of knll data published for this region, some striking parallels emerge. Earlier this century, the region just north of the island was the Table 6 . Mesoscale data for 1981 comparing log abundance of copepods with log krill abundance, knll acoustic biomass, environmental variables and chl a using a simple least squares regression analysis. Krill acoustic biomass was calculclted as an average of those inter-station acoustic transects (each 50 km long) which were immediately adjacent to the station. Adjusted rZ values are given for only the significant results. (-1: negative relationship; (+): positive relationship; 'significant (p < 0.05), "hghly significant (p < 0.01) (1985) and Priddle et al. (1986) main fishing ground for krill-eating whales, and the Trathan et al. 1998) . Both historical and recent net samsite for most sightings of whales and surface krill pling and acoustic surveys have shown that the region swarms (Mackintosh 1973 , Everson 1984 . More just north of South Georgia tends to support consisrecently, the shelf break just north of South Georgia tently higher concentrations of krill than elsewhere has been the principal site for the South Georgia krill around the island (Hardy & Gunther 1935 , Marr 1962 , fishery, and of the highest catches (CCAMLR 1996 , Mackintosh 1973 , Pakhomov et al. 1997a ). To disentangle the simultaneous effects of krill and environment on copepods, multiple regressions were done on both the 1981 and the 1996-1997 data sets. This analysis requires that the predictor variables are not autocorrelated (Zar 1984) . Fortunately, this was the case between the 3 subgroups of predictor variable, namely krill, physical variables and chl a concentration. Within these subgroups, however, the variables were significantly related (e.g. mixed layer temperature and salinity were strongly positively related). Therefore, for each of the copepod size groups, we performed simple least squares linear regressions of all the variables to test the strength of relationship with each. From each of the subgroups of predictor variable we then selected the one most strongly related to copepod abundance (this gave 3 potential predictor variables, a krill variable, a physical variable and a food variable). This group was further reduced by a stepwise factor analysis which eliminated those which could not explain significant variance in copepod abundance. Of the remaining significant variables, the results of the mu.ltiple regression anaiysis are summarised in Table 7 .
(4) Fine-scale horizontal distribution, 1996
Five horizontal LHPR tows enabled us to relate copepod abundance to environmental variables and knll abundance. Slight variations in temperature were encountered in these tows through the mixed layer, but no congruence could be found between either krill or copepods and temperature or salinity, so environmental data will not be discussed further. However, 2 distinct types of krill-copepod interaction were apparent (Fig. 5) .
First, within krill swarms, copepod numbers were low. We defined a swarm as >l50 knll per 10 m3, although avoidance of the sampler, particularly in Hauls 2 and 5 during the daytime, could mean much higher true densities. Table 8 compares abundances of the 3 main copepod groups between samples within krill swarms and those outside them. (The 4th copepod group, 'Rhincalanus gigas CV plus CVI', was too rare in these samples for statistical comparisons.) The rarity of copepods within krill swarms is apparent in Table 8 , and is illustrated clearly by Haul 5 (Fig. 5) . In this daytime haul, krill caught by the sampler did not achieve densities sufficient for classification as a swarm, but copepods were almost absent within this aggregation.
Is the rarity of copepods within swarms a sampling artifact? If large numbers of krill are trapped in the cod end of the sampler, this might reduce its filtration and allow copepods and krill to be recirculated within the sampler rather than be flushed into the cod end. Alternatively, while on the cod end take-up spool, the krill could have prevented the 2 layers of netting from enveloping the catch fully, allowing copepods to be washed out. Two points, however, argue against artifacts. First, copepods were often rare just outside krill swarms, as well as within them (Fig. 5) . This is again illustrated by Haul 5, where the numbers of calanoid copepods immediately adjacent to the krill concentration (i.e. near the shaded area in Fig 5) were lower than those further away (Fig. 5) . The second point is again derived from Haul 5. Rather few krill (often < l 0 ind.) were present in the individual samples within the swarm. In the other hauls, this modest density of krill tended to be associated with elevated numbers of
The second type of krill-copepod interaction occurcopepods (see below), so sampling artifacts cannot red outslde krill swarms. Here, lower denslty aggregaexplain this haul.
tions of krlll tended to be associated with elevated Table 8 Krill-copepod relationships inslde and outside of knll swarms in 4 of the 5 hor~zontal LHPR tows in 1996 Ratios for each copepod group are its median abundance w~t h i n a knll swarm ( > l 5 0 knll per 10 m3] to m e d~a n abundance outside a krill swarm ( < l 5 0 krill per 10 m3). To reduce the problem of 'edge effects' of krill swarms, the 2 samples e~t h e r side of each krill swarm were omitted from the analysis -: copepods were too rare for statistical testing [I e average for haul c 5 0 ind per 10 m3) Each p a r of medians was compared with a Mann-Whitney test, and probability values signify significant differences Only a single sample with a knll swarm In Haul 4 precluded this test Haul 5 had no k r~l l densities defined here as swarms ( Haul 2 Haul 4 Haul 5 Table 9 . Krill-copepod relationships outside krill swarms in 4 of the 5 horizontal LHPR tows in 1996. Ratios for each copepod group are its median abundance in samples with 4-150 krill per 10 m3 to median abundance in samples with <4 krill per 10 m3 Each pair of medians was compared with a Mann-Whitney test (see 'Results') and probability values signify s~gnificant differences. -: copepods were too rare for statistical testing (i.e. average for haul <50 ind. per 10 m3 copepod numbers. To test this statistically we first excluded samples within swarms and the 2 samples either side of them, to reduce swarm effects. Haul 5 was also excluded, as half of it was characteristic of a krill swarm, as described previously, and no krill were found in the other half. The remaining samples were divided into 2 groups: those with elevated krill abundance (4 to 150 krill per 10 m3) and those with scarce or no krill (i.e. < 4 krill per 10 m3). These groups are denoted by different symbols in Fig. 5 . For each copepod group, the null hypothesis was that their abundance was similar regardless of krill abundance. In 5 of the 8 available comparisons the null hypothesis was rejected (Table g ), so 0utsid.e swarms krill tended to associate with high numbers of copepods.
(5) Fine-scale vertical distribution.
1994-1996
During the high krill year, 1996, krill swarms were detected acoustically in the vicinity of both the shelf and oceanic monitoring sites, and were caught in low numbers during the LHPR profiling. Krill were not caught by the LHPR, however, during the low knll year, 1994. Fig. 6 shows clear evi.dence for diel vertical migration and overall deeper living populations during 1996, as compared to 1994. This is despite much lower chl a concentrations in 1996 (see 'Results: (1) Interannual variability; 1994 . tered a krill aggregation in the top 100 m layer. In the ascent portion of the haul, where most krill were caught, this aggregation coincided with an anomalous vertical distribution of copepods. This single profile, which showed a completely different vertical distribution from the other 16, was excluded as an outlier in the analysis of Atkinson et al. (1992) , but is shown for comparison in Fig. 7 . The 4 copepod species analysed showed varying degrees of migration upwards during the nighttime period, with migration of Calanus propinquus and Calanus simillimus being of greater amplitude than that of Calanoides acutus and Rhincalanus gigas. However, the haul where the krill (6) Fine-scale vertical distribution. 1990 die1 series S -Small calanoid copepods L -Large calanoid copepods During January 1990 a series of 17 LHPR profiles was obtained. Each haul included a pair of double oblique tows to 200 m depth and most were obtained within a single 24 h period. The vertical distributions of the large copepod species in relation to their gut fullness, food availability and water column structure have been described previously (Atkinson et al. 1992) . However, during one of the hauls, the LHPR encoun- 
DISCUSSION
Copepods varied greatly in abundance: over 10-fold interannually and over a 1000-fold on a mesoscale and a horizontal fine scale. These differences are much larger than either seasonal or large-scale regional changes in mean abundance of single copepod species (Marin 1987 , Schnack-Schiel & Hagen 1995 ). The inverse relationship between krill and copepods occurred repeatedly and across a wide range of scales. Here, we examine some possible reasons.
One possibility, which does not invoke any interaction between the 2 groups, is that some environments are suited to krill and others more suited to copepods. Hosie (1994) suggested this as one explanation for low copepod numbers in a high krill region over the shelf break at Prydz Bay (Indian Ocean sector): it was a transition zone between shelf and oceanic assemblages and thus properly suited to neither. This cannot explain our results, because the high krill biomass was in specific regions crossing both shelf and ocean, and these transcend the distributions of water masses (Priddle et al. 1986 ), phytoplankton biomass and composition (Makarov et al. 1984 , Priddle et al. 1986 , and the characteristic neritic, Antarctic and Subantarctic mesozooplankton communities ). Likewise, the fine-scale discontinuities between krill swarms and copepods (e.g. Haul 5 in Fig. 5 ) were so sharp and unrelated to any physical structure that they could not have been caused by mutually incompatible habitat preferences. It is probably the mobility of krill which meant that their fine-and mesoscale distribution was unrelated to water masses around South Georgia. This is fortunate because it allowed us to separate the relative influence of krill and bottom-up controls on copepod abundance. Thus the inverse relationship between krill and copepods, as well as occurring across a wide range of scales, was an effect distinguishable from environmental factors.
From this we are forced to conclude that krill must have had a direct effect on copepods. However, in the case of the interannual variability, correlation need not necessarily mean causation. The rarity of copepods in the 2 high krill years could have also resulted from differences in physical environment, or in timlng of phytoplankton blooms, which affected one more than the other. Despite this caveat, there is little reasonable doubt that, at meso-or finer scales, areas of high krill abundance are detrimental to copepods.
There are few data on krill-copepod interactions with which to compare these results. At the scale of a krill swarm, a key scale at which interactions could occur, this is particularly the case (see Hardy 1936 , Shulenburger et al. 1984 . Schnack (1985) reported a low abundance of copepods in krill swarms, but no supporting data were supplied. We also found that copepods were rare in krill swarms (Fig. 5, Table 8 ). This may be because either the copepods had migrated out of their way or they had been eaten. Even a modest swarm density (50 ind. m-3 of 100 mg dry inass krill) with clearance rates on copepods as measured in 1996 experiments (Atkinson & Snyder 1997) would remove all available food in just 1 d if the swarm did not move. Also, the fine-scale vertical distributions (Figs. 6 & 7) show evidence that the die1 vertical migration pattern of copepods was affected by krill. Whether copepods had been eaten or migrated down to less productive feeding areas, the presence of layers or swarms of krill is probably detrimental.
The only posi.tive correlation between krill and copepods was outside of swarms, where krill tended to associate with high copepod concentrations (Fig. 5 , Table 9 ). This contrast between swarming and more dispersed krill could be explained by the hypotheses of Pavlov (1969) and Hamner et al. (1983) : that although krill d.o feed in swarms, they swarm mainly to reduce predation risk, reproduce, mi.grate or to search for food. They then disperse to increase food intake. The low chl a concentrations sometimes associated with krill swarms (Antezana & Ray 1984 , Miller & Hampton 1989 , Kopczynska 1992 and the low copepod numbers (Fig. 5) suggest a poor environment for continued feeding. Because euphausiids are good swimmers with complex foraging behaviour (Hamner et al. 1983 , Price 1989 , successful exploitation of food patches could explain their high intake in low average food concentrations (e.g. McClatchie 1985 , Price et al. 1988 ). The positive relationship between non-swarming krill and copepods could be either because krill located aggregations of copepod prey or that both were attracted to the same patches of microplankton.
This was the only positive relationship we found between krill and copepods; the pervasive relationship was negative. Was thls due to competition for food, predation, or both? Distribution data alone cannot be used to differentiate these causes, as their effects could be similar. Also, the events causing the observed distributions would have occurred in the days and weeks before sampling, so it is unwise to speculate on these. Krill swarms are able to deplete microplankton greatly (Antezana & Ray 1984 , Miller & Hampton 1989 , potentially out-competing the copepods which rely on this as food (Lopez et al. 1993 , Atkinson et al. 1996 , Ward et al. 1996 .
Alternatively, several strands of evidence point to direct predation. Gut contents analysis demonstrates that knll indeed eat other zooplankton. The only 2 such analyses from the South Georgia region, made during winter and summer non-bloom conditions, both showed that crustaceans featured strongly in their diet (Nish~no & Kawamura 1994 , Pakhornov et al. 1997a . Evidence is mounting, both from gut contents dnalysis and from energy budgets, that outside of bloom periods knll can be omnivorous (see Atkinson & Snyder 1997 . Pakhomov et al. 1997a , Perissinotto et al. 1997 . The in situ ingestion rates of algal carbon by krill measured In our 1996 survey were well below their estimated metabolic costs, suggesting a non-algal diet (Atkinson & Snyder 1997) . This is supported by concurrent measurements of the biomarker composition of their fatty acids (G. C. Cripps, British Antarctic Survey, unpubl. data). Also, during 1996, the in vitro clearance rates of krill on small copepods, combined with acoustic estimates of their regional average biomass, suggested that they could potentially remove -40%) of copepod population per month. This impact is much greater than those from rarer and smaller species such as Themisto gaudichaudii and Eukrohnia hamata (Oresland 1990) , and would be a significant loss term for many Southern Ocean copepods with -1 yr life cycles. Opinion is divided as to how well laboratory results can be applied to nature, but the rates measured by Atklnson & Snyder (1997) suggest that krill have the potential to eat copepods at rates which would deplete their population~ severely.
The different responses of the various copepod size fractions to krlll (Table 7) could also imply predation. Rhincalanus gigas CV plus CV1 was the only copepod group not eaten in the 1996 experiments, probably because it was so large it could escape predation by the juvenile krill (Atkinson & Snyder 1997) . This group was also the only one not depleted in the 2 high knll years (Table 4) and was strongly related to physical factors as well as to krill. Copepod biomass is exceptionally high at South Georgia (Ward et al. 1995 , Atkinson et al. 1996 , Pakhomov et al. 1997b ), so we speculate that, outside of bloom periods, small copepods are a supplementary food source. In other regions, copepods have been found in the guts of krill (e.g. Marr 1962 , Hopkins 1985 , Hopkins & Torres 1989 , Nordhausen & Huntley 1992 , Hopkins et al. 1993a , b, Huntley et al. 1994 , although herbivory may prevail in the Antarctic Peninsula area (Quetin & Ross 1991) . The extent to which krill predation impacts copepods would vary locally, regionally and seasonally.
Whatever the nature of the krill-copepod interaction, a negative association between these major taxa must have a profound effect on ecosystem functioning. In this respect, our findings parallel those further south near the Antarctic Peninsula, where fluctuating 'krill years' and 'salp years' have been observed, with implications for changing carbon flows in a warming climate (Huntley et al. 1989 , Siege1 & Loeb 1995 , Loeb et al. 1997 . Further north, copepods replace salps as a major group, but, likewise, shifts in dominance between kcll and copepods must severely affect both the food web and efficiency of faecal carbon export (von Bodungen 1986 , Smetacek et al. 1990 , Fortier et al. 1994 ). Diatom-krill-higher predator food chains are short, with efficient energy transfer to large higher predators. Copepod domination would mean longer, less efficient food chains and, due to the slower sinking rates of their faecal pellets, slower biogeochemical removal of carbon from the surface layer.
South Georgia supports fisheries for squid, krill and fish (Everson & Goss 1991) as well, as large populations of vertebrate predators. managing this requires an understanding of how the food web works in order to predict how it will respond to change (Everson 1984 , Whitehouse et al. 1996a . A decadal scale regional warming of the Antarctic Peninsula region was suggested to have coincided with a decline in krill abundance (Loeb et al. 1997) . Copepods tend to be more abundant in warmer, northern regions of Antarctica (Foxton 1956 , Hopkins 1971 , Atkinson 1998 , and South Georgia is near the northern limit of krill distribution. We speculate that a decline in krill here would release a major control on copepod abundance, allowing them to increase in response.
